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Abstract 
A two- stage centrifugal separation method, at various separation temperatures and feed rates, 
was employed to fractionate milk and cream on the basis of fat globule size. It involved a 
modified and a conventional centrifugal separation in first and second stages, respectively. In 
the first stage, two streams of milk: one rich in larger fat globules and another rich in smaller 
fat globules, were obtained by fractionation in a modified cream separator. In the second 
stage, the two streams from the first stage were each further fractionated in a conventional 
cream separator. Depending on the temperature and feed rate of the first stage, this double 
separation method was able to create streams with mean fat globule size (D [4, 3]) as small as 
1.35 µm and as large as 4.28 µm without affecting the droplet integrity. The developed 
method has potential for size-based fractionation of native fat globules in industrial scale.  
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1. Introduction 
It is now well established that there can be considerable differences in internal lipid and milk 
fat globule membrane (MFGM) composition between small and large milk fat globules 
(MFG)(Briard, Leconte, Micuel, & Michalski, 2003; Lopez et al., 2011; Michalski et al., 
2003; Truong, Palmer, Bansal, & Bhandari, 2016). For example, smaller MFG were found to 
have more medium chain and unsaturated fatty acids (palmitoleic acid and linoleic acid) 
while larger MFG are enriched with stearic acid (Lopez et al., 2011; Mesilati-Stahy, Mida, & 
Argov-Argaman, 2011; Michalski, Briard, & Juaneda, 2005). Conjugated linoleic acids, 
which are associated with health benefits, are more concentrated in smaller MFG (Lopez et 
al., 2011; Michalski et al., 2005). Furthermore, phosphatidylserine, phosphatidylinositol, and 
phosphatidylethanolamine, which are associated with the internal layer of the MFGM have 
been found in higher amounts in small MFG whereas those associated with outer layer of 
MFGM, namely phosphatidylcholine and sphingomyelin, are more abundant  in larger MFG 
(Deeth, 1997; Lopez et al., 2011). 
Numerous studies have also revealed a diversity of physical properties and food ingredient 
functionality of milks and/or creams that differ in MFG size characteristics. Incorporation of 
small MFG into drinking milk, yogurt, fresh cheese, Camembert cheese and mini Swiss 
cheese was found to improve their sensory attributes, while larger MFG enhanced the mouth 
feel of butter(Goudédranche, Fauquant, & Maubois, 2000; Michalski et al., 2003). Similarly, 
decreased lipolysis in  Emmental cheese (Michalski et al., 2004) and enhanced stability of 
whipped cream (Michalski et al., 2006) were also observed with the use of small MFG.  
However, large MFG resulted in increase in the curd firmness and gel strength of rennet gels 
(Logan et al., 2014); less elasticity and  hardness in Emmental cheese (Michalski et al., 
2004); and good whipping ability of cream (Varnam & Sutherland, 2001). 
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Regarding physical properties, milk comprising smaller MFG generally shows increased 
emulsion stability, viscosity and whiteness, whereas the crystallization temperature, melting 
enthalpy and electrical conductivity of MFG are all reduced with decreasing size(Hussain, 
Truong, Bansal, & Bhandari, 2017; Truong et al., 2016).  
The possibility that some of these size-related differences in MFG properties might be of 
commercial significance in food manufacturing has led to considerable research around the 
development of potential new industrial procedures for the fractionation and manipulation of 
MFG size. To date, most of the research in this area has focussed on herd management, 
density and size-based fractionation and shear processing to achieve this objective. Although 
genetic selection of cows, variation in feeding regimes and changes in milking frequency 
have all been shown to have some size-related effects on MFG in the milk, these approaches 
commonly lack reproducibility and control over a desired size range and from an industrial 
standpoint, would be complex and long-term to implement (Logan et al., 2014; Timmen & 
Patton, 1988).  Shear processing, using processes such as homogenisation, micro-fluidisation 
or high-power ultrasound is more efficient, tuneable and readily scalable but inevitably 
results in some degree of damage to the MFG membrane (MFGM) and the formation of 
complex emulsions with milk proteins (Koxholt, Eisenmann, & Hinrichs, 2001; Leong et al., 
2016; Olson, White, & Richter, 2004).  Sedimentation of smaller droplets can also be a 
problem in nano-emulsions and other formulations, where the use of additional emulsifiers 
and stabilisers may be necessary to compensate for the damage to the MFGM and the 
increased surface area : volume ratio of the globules (McClements, 2011).  
Density and size-based separation methods appear to offer the best technical opportunity to 
fractionate intact MFG, although to date the cost and efficiency of many of these processes 
has limited their industrial application.  From the traditional gravity separation (Ma & 
Barbano, 2000) to two-stage gravity separation (O'Mahony, Auty, & McSweeney, 2005); and 
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combined gravitational and centrifugal separation (Olsson & Mamic, 2015); these processes 
were not effective on distinct fractionation of  the fat globules from original milk on size 
basis. Moreover, these processes had to undergo holding for several hours with potential risk 
of food safety. Edén (2016) has also successfully fractionated milk into various sized 
fractions using a modified cream separator operated at 1200g with only four cones. 
Membrane microfiltration with various pore sizes has been used successfully to fractionate  
whole milk (D[4,3]=4.2 µm) into streams of smaller and larger MFG with size ranges of 0.9-
3.3 µm and 5-7.5 µm, respectively (Michalski et al., 2006). However, this method does not 
appear  to be commercially viable  to obtain a milk stream with D [4,3] less than 3.26 µm as 
the system is susceptible to fouling after just a few hours of run time (Michalski et al., 2006). 
Ultrasonic fractionation of milk fat globules has been recently investigated; however, 
although successful in enhancing cream separation from milk, this method has not yet been 
shown to be suitable for further segregation of MFG into distinct size classes (Leong et al., 
2016). It was reported that the smallest D [4, 3] obtained with multi-stage ultrasonic 
fractionation was only 3.38 µm while the volume mean diameter of the control was 4.28 µm. 
The production rate of this batch-wise process was also relatively slow (Leong et al., 2016). 
In the light of this previous research, it was necessary to further investigate a modified 
centrifugal separation process as a means of fractionating native MFG in a way that has the 
potential to be both effective in terms of size classification and cost-efficiency in industrial 
application.  
The milk creaming process follows Stokes’ Law. The major factors affecting the velocity of 
fat globules under gravitational force are temperature of milk, size of fat globules and density 
difference between milk serum and fat globules. Increasing temperature can not only increase 
the density difference between milk serum and fat phase but also decrease the viscosity of the 
serum phase, resulting in an increase in fat globule terminal velocity. However, under 
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centrifugal force the centrifugal velocity experienced by both milk serum and fat globules 
mostly controls the creaming velocity. In the case of commercial cream separators, the 
efficiency of cream separation depends on all the above factors plus the feed rate and number 
of separating discs used (Kessler, 1981). Separator feed rate controls the residence time of 
milk inside the centrifugal zone. Low feed rate allows MFG sufficient time to collect around 
the axis of rotation, leading to less fat and smaller fat globules in the skim milk. The caulks in 
the separating cones of the  cream separator provide numerous narrow channels for the milk 
to moves in laminar flow, allowing efficient separation of MFG from milk serum (Wieking, 
2003). Overall, increase in temperature up to certain level (50-55°C) and decrease in feed rate 
enhance the efficiency of commercial centrifugal cream separators (Towler, 1994). 
 In a constant-viscosity viscous medium, higher density particles will gain more speed than 
low-density particles when subjected to same amount of force at the beginning. Over time, 
this can result in considerable separation of the particles by distance. When their horizontal 
kinetic energy depletes, the particles either fall down or rise upward depending upon their 
density relative to the medium. Within a cream separator, all MFG would rise upwards, as 
they are less dense than milk serum (“skim milk”).  Moreover, given sufficient time and 
space, the less dense, large MFG would rise faster than the denser, small MFG, thereby 
providing an opportunity for size-based fractionation. In designing this study, it was 
hypothesised that removal of separating cones from the cream separating disc would provide 
greater free space for MFG to start to separate, subject to the centripetal force of the 
revolving disc. Under the right conditions, there may be an opportunity for small MFG to 
reach the inner wall of the separator disc, whereas larger MFG may only travel a fraction of 
that distance from their point of release. Since smaller MFG are denser than larger MFG, 
most of the smaller fat globules would exit via the skim milk outlet, while the less dense, 
larger globules would pass through cream outlet.  
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The aim of the present study was to develop a methodology based on this hypothesis, using a 
two-stage centrifugal separation process. The premise of the study was to vary the efficiency 
of the small capacity-commercial cream separator in the first stage of separation by removing 
the separating cones and manipulating temperature and feed rate. The second stage would be 
a conventional cream separation process, with the aim of concentrating the MFG into creams 
having entirely different MFG size.  
2. Materials and Methods 
2.1 Materials  
Pasteurized un-homogenized milk (4.4% (w/v) fat), which was not aged more than 24 h from 
the time of pasteurization, was purchased from a local supermarket. Milk temperature was 
maintained at 5°C during transportation and storage. Unless specified, chemicals used were 
of analytical grade. 
2.2 Specification of cream separator  
The two-stage separation were carried out in a commercial cream separator (Motor Sich 100-
18 Separator, Motor Sich, Ukraine) having milk handling capacity of 80-100 L h
-1
, drum 
rotational speed of 10,500±100 revolution.min
-1
, and normal working temperature of 35-
40°C. The feed rate of milk in first stage separation was regulated using a pumping system. 
2.3 Experimental design 
In commercial practice, milk is commonly stored at 4°C before further processing. For this 
reason, 7°C was chosen as the lowest temperature in our study, aiming to reduce the cost of 
temperature manipulation for cream processing, while 35°C was selected as it comes within 
normal working temperature of commercial cream separator used. Similarly, levels of feed 
rate were chosen with reference to the normal feeding rate of the cream separator, which was 
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regarded as the “medium” feed rate. Therefore, a full factorial design with feed temperature 
and flow rate as two independent variables was employed. The experimental design consisted 
of four levels of feed temperature (7, 15, 25, and 35°C) and three levels of flow rate (600 
mLmin
-1
: low flow rate, 1200 mLmin
-1
: medium flow rate and 1800 mLmin
-1
: high flow 
rate). Temperature of the feed was first equilibrated using a water bath then was maintained 
at the same temperature before feeding by using a heat exchanger. A diagrammatic 
representation of experimental set up is presented in Fig.1. In the first stage, “fractionation”, 
milk was fractionated at various combinations of temperature and feed rate into two streams 
using the cream separator as a continuous centrifuge. This was achieved by removing all the 
cones from separating disc. The two fractions, denoted as Fractions 1 and 2, were obtained 
from the skim milk and cream outlets, respectively. Fraction 1 consists of relatively higher 
proportion of heavier droplets and/or particles whereas Fraction 2 contains relatively higher 
proportion of lighter droplets and/or particles present in feed milk.  The first separation 
process at 7 and 15°C was done in several batches. Since there was accumulation of fat inside 
the separating disc near the outlet of cream, the process was stopped at one-minute interval 
and accumulated cream was added to Fraction 1. Every batch was started after thorough 
cleaning of separating disc.  
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Fig-1: Schematic diagram of the modified and conventional cream separators 
In the second stage, “concentration”, each of the fractions was equilibrated at 40oC in water 
bath with gentle stirring and subjected to complete cream separation at 40°C using the normal 
cream separation set up. Two creams, Cream 1 and Cream 2, which were concentrated from 
Fraction 1 and Fraction 2, respectively, were obtained in the second stage. The two fractions 
of milk (Fraction 1 and Fraction 2) from first stage, two creams (Cream 1 and Cream 2) from 
second stage, milk and conventionally separated cream were analysed for mean globule sizes 
(volume and surface mean diameter), fat globule size distribution, fat content and zeta 
potential. All samples were equilibrated at 25°C for 1 h before analysis. 
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2.4 Analyses of milk and cream  
Particle size. Mean milk fat globular size was measured using a Malvern Mastersizer 2000  
(Malvern Instruments Ltd, Worcestershire, UK)  according to the  process described by 
(Truong, Bansal, & Bhandari, 2014). Volume mean diameter (D [4, 3]) was used to interpret 
the results.  
Zeta-potential. To measure the zeta potential, the milk and cream samples were diluted 100 
times in simulated milk fat ultrafiltrate (SMUF).  Measurement of zeta-potential was done at 
25°C using a Malvern Zetasizer Nano ZS, (Malvern Instruments Ltd, Worcestershire, UK). 
The parameters used for dispersant (SMUF) were RI-1.334; viscosity-0.99 mPa.s; dielectric 
constant-79. 
Fat content. Fat content of the cream samples was analysed using Roeder’s method. Cream 
sample (5 g) was taken into the sample holder situated in larger stopper and was fitted in a 
butyrometer. Sulphuric acid of strength 1.522g mL
-1
 was added to the butyrometer until the 
acid level reached upper edge of sample holder. After sealing, the butyrometer was put into a 
water bath previously set at 70
o
C. It was shaken intermittently until the protein was 
completely dissolved. Again, sulphuric acid was poured into the butyrometer until it reached 
beginning of measuring scale followed by addition of 1 ml of amyl alcohol and was then 
placed in the water bath (70
o
C) for 5 mins. The butyrometer was then centrifuged for another 
5 minutes and placed into the water bath at 65
o
C. Fat content was read at 65°C.  Fat content 
of milk was determined using Gerber method (AOAC, 2005). Fat content was expressed as 
percentage weight/volume (% w/v).  
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2.5 Data analysis 
Each set of experiments was done twice and each parameter was analysed in duplicate. 
Graphs were created using SigmaPlot 12.5 and ANOVA and Tukey HSD test were carried 
out using Minitab-17. 
3 Results and Discussion  
The milk subjected to first separation stage without separating cones yielded two streams 
of milk: Fraction 1 and Fraction 2 (Fig.2a).  The volume fractions ranged from 42-95% for 
Fraction 1 and 5-58% for Fraction 2 (Table 1). Feed temperature had almost no effect on the 
volume percentages of each fraction. However, decreasing the feed rate increased the volume 
percentage of Fraction 1, compared to Fraction 2 (Table 1). Concentration of Fraction 1 and 
Fraction 2 in the second stage separation resulted in Cream 1 (lighter cream; 29.50-63.83 % 
fat) and Cream 2 (heavy cream; 61.00- 80.00% fat), respectively. Fraction 1 contained a 
higher proportion of smaller fat globules. In contrast, Fraction 2 contained a higher 
concentration of larger fat globules at every temperature and feed rate condition. Fig. 2a is a 
graphical representation of proposed two-stage process. It should be noted that Fraction 2 
samples obtained from the cream chute at low flow rate (600 mLmin
-1
) were not subjected to 
further concentration as these streams already had >25% fat content. Further concentration is 
likely to have resulted in damage to fat globules (result not shown).  
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Fig-2: (a) Representative MFG size distribution during two-stage separation. the original 
(unfractionated) milk; first stage( Fraction 1 and  Fraction 2 obtained at 35°C and 1200mL/min) 
and second stage ( Cream 1 from Fraction 1 obtained at 35°C and 1200mL/min,  Cream 2 from 
Fraction 2 obtained at 35°C and 1200mL/min);   (b) Comparison of MFG size distribution of conventionally 
separated cream with various creams from the two stage separation method:  conventionally separated 
cream, Cream1 from Fraction1 obtained at 35°C and 600mL/min feed rate,   Cream 1 from 
Fraction 1 obtained at 15°C and 600mL/min feed rate, and  Cream2 from Fraction2 obtained at 35°C and 
1200mL/min feed rate.    
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3.1 Effect of temperature and feed rate on first stage fractionation process  
3.1.1 Fat globule size and distribution 
The values of D [4, 3] of Fraction 1 ranged from 0.21 µm for the 35°C-low feed rate fraction 
to 2.96 µm for the 7°C-high feed rate fraction (Table 1). ANOVA results indicated that both 
the process parameters had a significant effect (p<0.05) on D [4, 3] values of Fraction 1. 
Mean fat globule sizes of Fraction 1 decreased with increase in feed temperature (Fig.3a). In 
milk, increase in temperature decreases the density of both milk serum and milk fat. 
However, the reduction of density is more marked (within 5-50°C) in milk fat than milk 
serum, which leads to an increase in density difference between the serum and the fat, 
thereby enhancing the creaming process (Kessler, 1981; Towler, 1994). Previous studies on 
compositional differences between large and small native MFG reported that large MFG are 
less dense than small MFG because of the lower proportion of proteins in the MFGM of 
larger globules (Lu et al., 2016). Thus, in the type of cream separator used in this study, it is 
likely that larger MFG would experience less centrifugal force and more buoyancy than 
smaller MFG. Thus, relatively larger fat globules would not reach the wall of cream separator 
disc and get collected in an upper space of the cream separator (near to the inlet pipe, exiting 
through cream chute of the cream separator). The stream going out of the skim milk outlet 
would be of skim milk and smaller fat globules. The probability of larger MFG going out 
with serum increases with decreasing temperature due to reduced density difference. This 
assumption is reflected in our results, where lower feed temperature resulted in larger mean 
globule diameter in Fraction 1 (Fig.3a and Fig 4). A similar effect of temperature on the 
efficiency of cream separation has been discussed by Kessler (1981) and Towler (1994).  
In general, higher feed rate reduces the residence time of fat droplets on the centrifugal force 
zone of the separating disc, giving less time for fat globules to travel back towards the cream 
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outlet (Towler, 1994). Conversely, the lower the feed rate, the higher the residence time for 
fat globules, resulting in fewer large MFG in milk escaping via the skim milk outlet. Our 
results showed this effect (Fig.4).  
Table 1: The influences of feed temperature and feed rate on volume mean particle diameter and fat content of 
various fractions of milk and cream 
H
ig
h
 f
e
e
d
 r
a
te
 
(1
8
0
0
m
L
/m
in
) 
 Volume mean particle diameter (D[4,3]µm) Fat content (%) *Volume (%)  
Fraction 1 Fraction 2 Cream1 Cream 2 Fraction 1 Fraction 2 Cream1 Cream 2 
Fracti
on 1 
Fract
ion 2 
7°C 
2.89±0.30a 4.01±0.05d 3.28±0.15a 9.90±0.54bc 2.16±0.04a 5.70±0.10e 65.00±0.50a 70.25±0.25bcd 
42 58 
15°C 
2.52±0.09a 3.69±0.01d 2.96±0.10ab 8.25±3.09bc 1.43±0.18bc 5.75±0.05e 50.25±0.25abc 71.25±0.75bcd 
48 52 
25°C 
0.62±.03bc 5.72±0.15cd 2.38±0.02cd 10.95±1.43bc 1.15±0.05cd 6.00±0.10de 45.00±2.00cde 83.00±0.00a 
49 51 
35°C 
0.42±0.03b 3.96±0.04d 1.76±0.03ef 4.20±0.05c 0.85±0.05de 6.75±0.25de 31.75±3.25e 61.50±1.50d 
46 54 
M
e
d
iu
m
 f
e
e
d
 r
a
te
 
(1
2
0
0
m
L
/m
in
) 
7°C 
2.96±0.04a 4.19±0.01d 3.25±0.02ab 7.60±0.98bc 1.83±0.03ab 6.15±0.05de 62.25±0.25ab 70.25±0.25bcd 
49 51 
15°C 
0.93±.13b 6.09±1.51cd 2.82±0.11bc 20.70±6.16ab 1.18±0.03cd 7.10±0.00de 48.75±0.25bcd 73.25±0.25abc 
58 42 
25°C 
0.47±0.03bc 10.64±0.01c 1.93±0.03e 26.696±2.30a 0.83±0.03de 9.45±0.65d 48.13±6.88bcd 79.50±0.50ab 
65 35 
35°C 
0.30±0.05c 4.14±0.03d 1.60±0.04ef 4.28±0.04c 0.75±0.15de 8.40±0.20de 38.88±3.88cde 
62.75±1.75cd 59 41 
L
o
w
 f
e
e
d
 r
a
te
 (
6
0
0
m
L
/m
in
) 
7°C 
2.62±0.04a 32.98±1.25b 2.91±0.02ab - 1.65±0.05b 33.75±1.25c 60.75±1.25ab - 
95 5 
15°C 
0.62±0.04bc 36.62±1.25ab 2.37±0.02d - 0.85±0.05de 35.00±1.00c 52.75±0.25abc - 
95 5 
25°C 
0.36±0.04bc 40.72±3.82a 1.65±0.12ef - 0.53±0.07e 39.75±0.75b 47.50±0.50bcd - 
89 11 
35°C 
0.21±0.02c 5.27±0.15cd 1.35±0.09f - 
0.50±0.10e 47.00±1.00a 33.63±3.88de 
- 
89 11 
*approximate volume percentage of Fraction 1 and Fraction 2 calculated taking summation of volume 
of these fractions as 100% 
 Comparison of mean was done within each column. 
 Mean values not sharing the same letter are significantly different from each other at p<0.05. 
The combined effects of temperature and feed rate on fat globule size distribution after first 
stage separation are shown in Fig. 4. Fat globule size distribution seemed to be unchanged 
when fractionating at 7
o
C with various feed rates. A typical size distribution curve had a 
prominent peak in size range of 1 – 10 m and a shoulder peak in the lower size range 
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(Fig.4a). However, separation at 15°C with different feed rates produced more differentiated 
fat globule sizes. The first peaks were apparent in size range below 1 m (Fig 4b). In 
addition, there is a considerable amount of difference in second-peak heights between peaks 
of high and medium feed rates comparing to that of low feed rate (Fig 4b). 
 
Fig.3: Effect of feed temperature and feed rate (  1800mL/min 1200mL/min   600mL/min) on D 
[4,3] value of: a) fraction 1 b) fraction 2 c) cream 1 d) cream 2 
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Fig.4: Effect of feed temperature [a) 7°C b) 15°C c) 25°C d) 35°C] and feed rate[  1800mL/min 
1200mL/min   600mL/min] on milk fat globule size distribution of fraction 1 
Reduction in second peak height was much larger for separation at 25°C (Fig.4c) and 35°C 
(Fig.4d) than 15°C (Fig.4b). With fractionation at 25°C, there was almost no change in 
second-peak height but there was a regular shift of the distribution plot towards the left 
(smaller mean volume diameters) with decreasing feed rate (Fig 4c).  There was both a 
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decrease in height and left-shift of the size distribution peak with decrease in feed rate at 
35°C. In general, it could be said that effect of temperature was obvious on all sized fat 
globules whereas variation in feed rate affected mostly larger MFG. 
Larger fat globules were collected in Fraction 2, ranging from 3.69 to 40.72 µm across the 
fractionation conditions. Temperature, feed rate and their interactive term had a significant 
influence on particle size in Fraction 2 of the first separation stage (P < 0.05). Both 
independent variables had exactly the reverse effect on D [4, 3] in Fraction 2, compared to 
Fraction 1. For Fraction 2, at any given feed rate, the largest fat globule size was always 
obtained at a feed temperature of 25
o
C (Fig 3b). The values of D [4, 3] tended to be lower at 
other feed temperatures (7, 15 and 35
o
C) at all feed rates. In these droplets, the fat globule 
core is close to the liquid state at 35°C while at 15°C and 7°C a greater proportion of fat 
would be in solid state.  The impact of feed temperature may be attributed to partial 
crystallinity of fat inside the globules at 25°C, a condition which is known to promote the 
partial coalescence of milk fat globules  (Fredrick, Walstra, & Dewettinck, 2010).  
Feed rate also had a pronounced impact on fat globule size in Fraction 2. Low feed rate had a 
very damaging effect on the integrity of milk fat globules during first stage separation, 
particularly at 7, 15 and 25°C (Fig-3b), which had much higher D [4, 3] values than normal 
milk and cream (3.73 and 3.96 µm, respectively). The significance of interaction term 
indicates that the extent of change in D [4, 3] value because of one process variable was also 
dependent upon another process variable.  For example, in Fig.3b, the changes observed in 
volume mean diameter of Fraction 2 indicated that fat globule size was independent of feed 
rate at 35°C but noticeably dependent on feed rate at 7, 15, and 25°C.  
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3.1.2 Fat content  
Temperature and feed rate affected the fat content of Fraction 1 significantly (p<0.05); fat 
contents ranged from 0.5% for 35°C and low feed rate to 2.16% for 7°C and high flow rate 
(Table-1). Fat content of Fraction 1 increased with a decrease in milk temperature whereas, 
for most temperatures, the opposite tendency was found with feed rate (Table-1). Increasing 
fat content with decreasing feed temperature could be associated with reduced creaming 
efficiency, allowing more fat globules to pass through the skim milk outlet. The enhanced 
creaming observed for most of the lower feed rates is probably a reflection of the greater 
residence time of fat globules; at low feed rates, even smaller fat globules had sufficient time 
to shift towards the cream outlet, leading to a smaller proportion of fat globules retained in 
Fraction 1. 
Fat content of Fraction 2 ranged from 5.70% (7°C, high feed rate) to 47.00% (35°C, low feed 
rate). Temperature and feed rate also had a remarkable impact on fat content of Fraction 2 (p 
<0.05) but exhibited the opposite trends to those for Fraction 1. There was exceptionally high 
fat content in Fraction 2 with the lowest feed rate at all temperatures (Table-1). Lower feed 
rates allow longer residence times for milk fat to accumulate around the axis of rotation. This 
result is in line with the traditional method to produce thick cream, which employs either 
manipulation of position of the cream screw or change in flow rates of the cream stream to 
altering fat content of the resulting product (Kessler, 1981).  
3.1.3 Zeta potential 
In this study, the average zeta potential of Fraction 1 varied between -14.28 mV (15°C, low 
feed rate) to -16.45 mV (35°C, medium feed rate). Of the process variables, only feed 
temperature showed significant (p<0.05) effect on zeta potential of Fraction 1, as well as a 
significant (p<0.05) feed temperature*feed rate interaction. 
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 Similarly, in Fraction 2, zeta potential ranged from -12.85 mV (15°C, low feed rate) to -
16.28 mV (35°C, medium feed rate) (Table-2). For Fraction 2, only feed temperature had a 
significant (p<0.05) effect on zeta potential.  
Table 2:  The effect of feed temperature and feed rate on zeta potential value of various milk and cream  
H
ig
h
 f
e
e
d
 r
a
te
 (
1
8
0
0
m
L
/m
in
) 
F
e
e
d
 
T
e
m
p
e
ra
tu
r
e 
Zeta potential (mV) 
Fraction 1 Fraction 2 Cream1 Cream 2 
7°C 
-16.00±0.20bc -15.25±0.25abc -13.78±0.23a 15.13±0.02a 
15°C 
-15.73±0.38abc -15.65±0.05bc -13.58±0.98a -12.25±0.45a 
25°C 
-15.03±0.13abc -13.90±0.00abc -12.20±0.85a -13.53±0.58a 
35°C 
-15.25±0.10abc -15.68±0.78bc -14.13±0.48a -14.43±0.38a 
M
e
d
iu
m
 f
e
e
d
 r
a
te
 
(1
2
0
0
m
L
/m
in
) 
7°C 
-15.33±0.08abc -15.00±0.60abc -14.13±1.43a -13.90±0.90a 
15°C 
-14.98±0.03abc -14.35±0.10abc -12.43±0.23a -12.83±1.47a 
25°C 
-14.65±0.30ab -14.20±0.10abc -13.85±0.15a -11.57±2.64a 
35°C 
-16.40±0.05c -16.28±0.02c -14.40±0.75a -15.38±0.57a 
L
o
w
 f
e
e
d
 r
a
te
 (
6
0
0
m
L
/m
in
) 
7°C 
-16.25±0.65bc -12.85±0.50a -14.50±0.05a - 
15°C 
-14.28±0.48a -12.88±0.23a -14.40±0.10a - 
25°C 
-15.35±0.25abc -13.93±0.98abc -14.43±1.28a - 
35°C 
-16.45±0.25c -13.33±0.38ab -12.63±0.13a - 
 Comparison of mean was done within each column. 
 Mean values not sharing the same letter are significantly different from each other at p<0.05. 
 
In both fractions, the range of zeta potential values varied considerably from the zeta 
potential recorded for the original milk used in this study (-12.5 to -13.00 mV). According to 
Michalski, Michel, Sainmont, & Briard (2002), the effect of fat content (relative to the 
content  of casein micelles) on zeta potential values of milk and cream would not be 
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significant over a fat content range of 10-500 g.kg
-1
; however we observed significant 
variation in zeta potential values of various Fraction 1 samples within this range. In our case, 
the zeta potentials of the original milk and Cream 1 (Table 2) were very close to each other 
but an increase in zeta potential was observed for Fraction 1. Since Fraction 1 was the 
intermediate fraction between milk and Cream 1, and with a lower fat content than milk, it is 
suggested that the higher zeta potential of Fraction 1 could be an effect of casein micelles. 
Michalski et al.,(2002) have reported  the zeta potential of skimmed milk (fat content 5g.kg
-1
) 
to be between that of milk (-13.2 mV) and the casein micelle (-20.1mV). In the case of 
Fraction 2, which contains a higher large proportion of larger, more shear-sensitive fat 
globules, compared to the original milk, the higher observed zeta potentials might be 
associated with shear damage of the original globules, followed by partial incorporation of 
casein micelles into the globular membrane. Michalski et al.,(2002) reported that shear 
damage to milk fat globules can cause an increase in zeta potential value, up to around -
20mV in the case of  homogenization.  
3.2 Effect of temperature and flow rate on the second separation stage (Cream 1 and 
Cream 2) 
3.2.1 Fat globule size of Creams 1 and 2 
During the second stage, each of Fraction 1 and Fraction 2, obtained from the first stage 
separation, were further processed under standard cream separation conditions to yield Cream 
1 and Cream 2, respectively.   
The volume mean diameter of fat globules in Cream 1 (light cream; 31.750-65.00 % fat), 
ranged from 3.47 µm (7°C, high feed rate) to 1.35 µm (35°C, low feed rate) and was found to 
be affected significantly (p<0.05) by both temperature and feed rate (Table 1). Volume mean 
diameter of Cream 1 decreased with increasing temperature and decreasing feed rate (Fig.3c) 
and showed a similar trend to Fraction 1, from which Cream 1 was concentrated. Cream 1 
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samples showed no sign of coalescence, regardless of temperature or feed rate (Fig.5).  At 
7°C, for the lowest feed rate, there was a slight shift of the particle size distribution to a 
smaller D [4, 3] value (Fig.5a). However, Cream 1 obtained at 15°C was noticeably affected 
by change in feed rate. Slower feed rate led to a shift of distribution to the left, indicating a 
decrease in D [4, 3] (Fig.5b). Cream 1 obtained from Fraction 1 at 25°C and 35°C showed 
both a narrowing of size distribution and a decrease in D [4, 3] at the lowest feed rate.  For 
Cream 1, the general trend was for mean globule size to decrease with increasing feed 
temperature and decreasing feed rate.  
 
Fig-5: Effect of feed temperature [ a) 7°C b) 15°C c) 25°C d) 35°C] and feed rate[  1800mL/min 
1200mL/min   600mL/min] on milk fat globule size distribution of Cream 1 
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Cream 2, “heavy cream”, concentrated from Fraction 2, contained the highest proportion of 
LFG (Fig.2). Among the studied combinations for the first stage fractionation, 25°C and 
medium feed rate yielded heavy cream with the largest volume mean diameter (29.16 µm) 
whereas the lowest value (4.15 µm) was obtained for cream prepared at 35°C and high feed 
rate (Fig-3d). Statistical analysis showed that both the process parameters and their 
interaction had a significant (p<0.05) effect on the D [4, 3] value of Cream 2. The results 
revealed that the creams obtained at 25 °C had larger degree of coalescence than at other 
temperatures (Fig.3d). The higher the D [4, 3] value, the greater will be the extent of possible 
coalescence into voluminous globules. The descending order in term of extent of possible 
coalescence for other temperatures was 15, 7, and 35°C. Cream 2 prepared at 35°C (high feed 
rate) and 35°C (medium feed rate) did not show any sign of coalescence (Fig.5d). It is 
suggested that the apparently greater susceptibility to coalescence of cream from first stage 
fractionation at 25°C could be attributed to physical state of fat inside the fat globule. At 
35°C and above, fat is mostly in the liquid state. In contrast, fat at lower temperatures around 
5°C is mostly in the solid state. The fat at 25
o
C is in semisolid state, where the solid fat 
component can destabilise the fat globule membrane while the liquid component will assist 
with the liquid-liquid coalescence. These results are in accordance with the statement of 
Towler (1994), that free fat formation during cream separation is minimum when separation 
temperature is either below 10°C or above 35°C, within the normal working range. 
On the per unit mass basis, SFG containing cream consists higher amount of health 
improving factors (phospholipids and sphingolipids) than LFG cream (Lopez et al., 2011). 
Since our method is able to give the conditions to get various creams with distinct differences 
in mean globule size with majority of small fat globules, these creams could be used in some 
specialized foods like infant food, stable whipped cream etc.  
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3.2.2 Fat contents of Creams 1 and 2 
Fat content of Cream 1 ranged from 63.83% (7°C, high feed rate) to 29.50% (35°C, high feed 
rate) (Table-1). For Cream 1, fat content increased significantly (p<0.05) with decreasing in 
temperature but showed no significant change in relation to feed rate (Table-1). Fat content of 
Cream 2 varied between 83% (25°C, high feed rate) to 61.50% (35°C, high feed rate) (Table-
1). Fat content of Cream 2 decreased significantly (p<0.05) with increasing feed temperature 
(Table-1), with no observed significant effects of feed rate (although low feed rate data are 
missing). Since the fat contents of Fraction 2 at low feed rate at all temperatures were fairly 
high, these streams were not subjected to a second separation. The aim of the current work 
was to explore the sets of process variables and steps to get cream with the least degree of 
coalescence as possible.  
3.2.3 Zeta potential of Creams 1 and 2 
Zeta potential of Cream 1 samples varied between -12.20 mV (15°C, medium feed rate)  to -
14.50 mV (7°C, low feed rate)  (Table 2).The effect of temperature and feed rate on zeta 
potential of Cream1 was not significant (p>0.05) Generally, zeta potential gives indication of 
surface modification of fat globules (Lopez et al., 2011). The independency of zeta potential 
across the range of Cream 1 processing conditions indicates that there was no consistent 
change in surface composition during two-stage separation process.  
In Cream 2, zeta potential ranged from -11.57 mV (25°C, medium feed rate) to -15.38 mV 
(7°C, high feed rate) (Table 2). Of the process variables investigated, only temperature 
affected zeta potential of Cream2 significantly (p<0.05). Effect of temperature on zeta 
potential of Cream 2 could be attributed to loss of integrity of fat globules during separation 
at lower temperatures especially at 15 and 25°C (Table 2).  
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4 General discussion 
The current proposed method for fractionation of cream based on MFG size has shown some 
promising results. A varying degree of throughput of both Fraction 1and Fraction 2 could be 
obtained depending upon mean fat globule size requirement. This method is able to yield 
cream having different mean globule size depending upon the temperature and feed rate 
(Fig.2b). Fig.2b depicts the extent of fractionation. The small fat globules of Cream 1 from 
every combination of temperature and feed rate in the first stage, which are concentrated 
from Fraction 1, had sustained double mechanical stress while going through two stage 
separation stages. These creams did not show any sign of coalescence as it could be seen in 
Fig.5 that there is no extension of distribution plot beyond 15.54 µm. Similarly, among the 
heavy creams, those obtained from first stage separation at 35°C (high and medium feed 
rates) also did not show any sign of coalescence. In our preliminary trials, we noticed that 
aging of the milk for more than a day after bottling resulted in some coalescence even in the 
first separation stage. As discussed earlier, there was deposition of cream while doing the first 
stage separation at lower temperature especially at 15°C and 7°C. Deposition was more and 
more as feed rate was decreased. The deposition could be related to design of cream 
separator, with respect to size of annular space between milk feeding tube and separating disc 
for drum, orifice of cream outlet and rotational speed of separating disc. Despite such 
conditions, our preliminary work revealed no noticeable change in fat globule size 
distribution of Fraction1 for at least one minute of first stage separation, which confirmed 
that the characteristics of Fraction 1 were independent of deposition over this short period. 
The effect of deposited cream as component of Fraction 2 could be the reason for high degree 
of coalescence in all the high fat fractions from separation done at 7°C and 15°C. Since this 
study covered only the effect of temperature and feed rate, a further study would be required 
to investigate the effects of the rotational speed of the cream separator, further modification 
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of the cream separator or use of a cream separator compatible with low processing 
temperatures, which may help to prevent MFG damage and coalescence.  
. In addition to the alternative methods discussed earlier, the  recent work of Edén et 
al.(2016), has also shown the potential application of a modified cream separator for MFG 
fractionation; however, they were only able to separate a small MFG fraction with a D [4, 3] 
value differing by only 0.5 µm from that of the original milk. By contrast, the method 
developed in the present study was able to yield creams without coalescence with a maximum 
of 2.93 µm difference (35-LF Cream1 and 35-MF Cream 2) in their D [4, 3] values. The 
difference between D [4, 3] values of cream having smallest mean MFG size and the mean 
MFG size of conventionally separated cream was 2.61 µm (1.35 µm for 35-LF Cream1 vs 
3.96 µm for conventionally separated cream).  
5 Conclusion 
A novel two-stage separation method was developed to fractionate milk/cream based on 
mean MFG size. The size range achieved without coalescence and maintaining the integrity 
of MFG was 1.35 – 4.28 m. The milk temperature and feed rate during first stage of 
fractionation affected the mean MFG size considerably. This method performed very well at 
35°C for all feed rates. There was greater damage to larger fat globules at lower temperatures. 
Overall, increase in temperature decreased volume mean diameter of MFG. In contrast, 
increase in feed rate increased the volume mean diameter.  There was no sign of MFG 
damage in Cream 1 obtained from each level of temperature and feed rate. With some further 
development, given its high throughput, good separation efficiency and use of conventional 
processing equipment, this method could provide the basis for a new industrial process to 
generate fractionated milks and creams with contrasting physical functionality and nutritional 
value, based on MFG size. 
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Industrial Relevance:  
The developed method has potential for size based fractionation of native fat globules in 
industrial scale. 
Highlights 
 Native MFGs have different Physicochemical properties with respect to their sizes 
 Fractionation of native MFGs on size basis  
 Fractionation would help to provide product specific creams/milk fractions  
 Size based fractionation of native MFGs is possible in industrial scale 
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